Introduction
============

pH plays a vital role in regulating many cellular events, including proliferation, apoptosis, enzyme activity and protein degradation.^[@cit1],[@cit2]^ Monitoring of pH variations inside living cells is thus of great importance due to its direct link with many common diseases such as cancer, Alzheimer\'s disease, and others.^[@cit3],[@cit4]^ While several types of probes are available, protein modified fluorescent sensors are desirable to map the pH distribution and fluctuation with high spatio-temporal resolution in living cells.^[@cit5]--[@cit9]^ The different types of pH sensors currently available are based on fluorescent organic molecules,^[@cit10],[@cit11]^ fluorescent proteins,^[@cit12]^ polymer nanoparticles,^[@cit13]^ metal nanoparticles,^[@cit14]^ quantum dots,^[@cit15]^ dendrimers,^[@cit16]^ hydrogels^[@cit17]^ and DNA nanomachines.^[@cit18],[@cit19]^ In order to achieve a highly sensitive probe that detects pH in different ranges, two or more fluorophores having different p*K* ~a~ values have to be covalently linked^[@cit20]^ or embedded into different matrices such as a polymer matrix,^[@cit21]^ nanoparticles^[@cit22]^ or carbon nanodots.^[@cit23]^ While most of these probes respond to broad pH variations, the use of a composition dependent two-component system to accurately monitor minute pH variations in a narrow pH range remains elusive.

In order to achieve the above objective, we explore the pH dependent interaction of squaraine dyes (Sq) with thiols resulting in changes in the absorption and emission properties.^[@cit24]^ Recently, we have shown that Sq nanoparticles (SqNPs) specifically interact with serum albumin proteins (SAP), resulting in BSA and HSA specific sensors.^[@cit25]^ In the present work, we report a unique two-component hybrid pH sensor whose sensitivity range can be tuned for narrow pH windows by choosing different ratios of the individual components, for monitoring minute pH variations in live cells. These nanosensors have a fast and variable fluorescence response that is ideal for measuring minor pH variations with a linear response. The mode of interaction between the dye and the protein is depicted in [Fig. 1a](#fig1){ref-type="fig"}. The dye nanoparticles undergo pH dependent reversible noncovalent and covalent interactions with BSA as evident by the fluorescence changes of SqNPs at 700 nm (*λ* ~ex~\@640 nm, phosphate buffer, pH 4.0) and the formation of a new band at 480 nm (*λ* ~ex~\@380 nm, phosphate buffer, pH 8.0), respectively.

![(a) The mode of pH controlled covalent and noncovalent interaction of SqNPs with BSA protein. (b) Time dependent fluorescence response of 16 : 1 BSA--SqNPs at 700 nm (*λ* ~ex~\@640 nm). (c) Fluorescence response of SqNPs towards BSA protein (0--96 μM) followed by the addition of DNSA (0--120 μM). Experiments were performed using a 6 μM SqNP solution in a 25 mM phosphate buffer at pH 4.0.](c6sc02659a-f1){#fig1}

Results and discussion
======================

In order to establish the mode of interaction of the SqNPs with BSA, first we examined the stability of the dye and the protein under different pH conditions and found that they are stable (Fig. S1 and S2[†](#fn1){ref-type="fn"}). Then we added SqNPs to BSA and the fluorescence changes were monitored. The fluorescence intensity of BSA--SqNPs (16 : 1) at 700 nm with respect to time under an acidic pH condition (pH 4.0) indicates a gradual enhancement which became saturated and remained at the saturation point for a long time ([Fig. 1b](#fig1){ref-type="fig"}). To this solution, addition of NaOH led to a sudden decrease in the fluorescence intensity to the initial state. Thus, it is evident that, although the dye under basic condition interacts covalently, under an acidic condition the interaction becomes noncovalent as depicted in [Fig. 1a](#fig1){ref-type="fig"}. This switching of dye interaction with protein was observed for several cycles revealing the reversibility of the interaction between Sq and BSA (Fig. S3[†](#fn1){ref-type="fn"}).

The noncovalent interaction of the dye with protein under an acidic condition was further verified from the electronic absorption spectral measurements. Addition of BSA protein (96 μM) to a solution of SqNPs (6 μM) in phosphate buffer at pH 4.0 resulted in the narrowing of the broad absorption band from 550--850 nm to 650--700 nm (Fig. S4a[†](#fn1){ref-type="fn"}). The spectral feature of this absorption band is similar to that of the Sq dye in acetonitrile in which the molecule exists in the monomeric state. The corresponding fluorescence changes (*λ* ~ex~\@640 nm) upon addition of BSA protein (0--96 μM) exhibited a gradual increase in the fluorescence intensity at 700 nm (Fig. S4b[†](#fn1){ref-type="fn"} and [1c](#fig1){ref-type="fig"}). These data indicate the disassembly of SqNPs in the presence of BSA which was further confirmed by DLS analysis (Fig. S5[†](#fn1){ref-type="fn"}). Addition of BSA (96 μM) into SqNPs (6 μM, phosphate buffer) at pH 4.0 showed the disappearance of the peak at 250 nm corresponding to the SqNPs with an increase in the intensity of the band at 10 nm, corresponding to the size of the globular protein. For a deeper understanding of the noncovalent binding of Sq with the protein, ligand displacement studies were performed. Addition of dansylamide (DNSA), a site specific ligand for proteins, with the Sq-bound BSA showed a quenching of fluorescence intensity at 700 nm due to the displacement of the bound dye by DNSA and its subsequent aggregation ([Fig. 1c](#fig1){ref-type="fig"}). DLS analysis of the BSA--SqNPs complex after the addition of DNSA exhibited a peak at 250 nm corresponding to the size of the SqNPs, which confirms the above observation (Fig. S6[†](#fn1){ref-type="fn"}).

[Fig. 2a--d](#fig2){ref-type="fig"} shows the ratio dependent fluorescence intensity variation of BSA--SqNPs at the 700 (*λ* ~ex~\@640 nm) and 480 nm (*λ* ~ex~\@380 nm) region under different pH conditions. These data reveal the strong influence of the ratio between BSA and SqNPs on the emission properties. For example, at pH 4.0, a large amount of protein is required to turn-on the original emission of the dye at 700 nm which got saturated with the addition of 16 equiv. of BSA ([Fig. 2a](#fig2){ref-type="fig"}). In this case, no signal was observed at 480 nm, indicating the absence of a covalent interaction of Sq with BSA. At pH 6.0, 8 equiv. of protein was required to get the maximum fluorescence response ([Fig. 2b](#fig2){ref-type="fig"}). Noticeably, in this case, both noncovalent and covalent interactions are active as evident from the 700 and 480 nm fluorescence responses, respectively. Surprisingly, at pH 8.0, the maximum response of fluorescence occurred with 1.8 equiv. of BSA, with a reversal of the fluorescence response from 700 nm to 480 nm, indicating the specific covalent interaction of the dye with the protein ([Fig. 2c](#fig2){ref-type="fig"}). At pH 10.0, the dye nanoparticles showed a maximum fluorescence response at 480 nm with an extremely small amount of protein (0.24 equiv.) ([Fig. 2d](#fig2){ref-type="fig"}). These data clearly suggest that the ratio of the fluorescence intensities at 700 and 480 nm are strongly dependent upon the ratio between the SqNPs and BSA.

![(a)--(d) Emission intensity variation of SqNPs at 700 (*λ* ~ex~\@640 nm, -△-) and 480 nm (*λ* ~ex~\@380 nm, -○-) with different BSA concentrations under different pH conditions. Experiments were performed using a 6 μM SqNP solution in 25 mM phosphate buffer.](c6sc02659a-f2){#fig2}

Since the interaction of the dye with protein could be controlled by changing the ratio between SqNPs and the protein at different pH conditions, we hypothesized that an array of hybrid probes that respond to different pH values can be designed. In order to establish this point, we prepared a series of nanosensors with BSA--SqNP ratios of 12 : 1, 6 : 1, 1 : 1 and 0.2 : 1. Each of these combinations was specific to a narrow pH compartment and allowed for continuous pH sensing over a broad pH window of 4.0 to 10.0, each with a detection range of 1.5--2.0 units as shown in the respective ratiometric emission plots ([Fig. 3a--d](#fig3){ref-type="fig"}). At a pH range of 2--4.6, a 12 : 1 BSA--SqNP combination exhibited a maximum fluorescence response at 700 nm and a minimum response at 480 nm due to the preferential noncovalent interaction of the dye with protein ([Fig. 3a](#fig3){ref-type="fig"}). As the pH of the solution is increased from 4.6, the intensity of the green fluorescence at 480 nm is increased with the simultaneous quenching of the NIR emission at 700 nm due to the covalent modification of the dye with protein. This noncovalent to covalent transformation of the dye with the protein allows ratiometric monitoring of pH. Therefore, the 12 : 1 BSA--SqNP complex exhibits optical signaling in a ratiometric fashion in the pH range of 4.6--6.4 and becomes inactive beyond pH 6.4. For sensing pH above 6.4, the amount of protein has to be decreased to a ratio of 6 : 1. The effect of pH on this combination is shown in [Fig. 3b](#fig3){ref-type="fig"}. At this combination, the sensor becomes active above pH 5.8 and inactive at pH 7.6. Therefore, a 6 : 1 combination becomes a pH sensor in the range of 5.8--7.6, however above 7.6, this combination turns inactive. Hence, we further reduced the amount of protein and a 1 : 1 combination was prepared. This combination exhibited activity in the pH range of 7.4--9.0 ([Fig. 3c](#fig3){ref-type="fig"}). For pH \> 9.0, we tried a ratio of 0.2 : 1 BSA--SqNPs. This combination exhibited a pH response between 8.6 and 10.2 and the emission became saturated above this pH ([Fig. 3d](#fig3){ref-type="fig"}). Thus, by varying the ratio of BSA and SqNPs, we could design a series of sensors for monitoring pH over a narrow range in a broad window. From the above data we found that a 6 : 1 ratio provides good response in the biological window. In order to further fine tune the ratio required for minute pH variations in the biological window, we tried other combinations of BSA and SqNPs between 10 : 1 and 2 : 1. The results of these studies are shown in [Fig. 3e](#fig3){ref-type="fig"}. These studies revealed that the best combinations to monitor the pH variations in the biological pH window are between 10 : 1 and 4 : 1. For example, the maximum response of the 10 : 1 ratio is at pH 5.8 whereas the response of the 8 : 1 ratio is at 6.3. On the other hand, 6 : 1 and 4 : 1 ratios showed responses at 6.7 and 7.4 respectively. Thus, we could design probes whose maximum responses are narrowed down to 0.4--0.6 pH units. In this way, by swiftly adjusting the ratio between BSA and the dye nanoparticles, we could custom-make a series of hybrid nanosensors for monitoring pH variations in narrow pH segments over a broad pH scale as shown in [Fig. 3f](#fig3){ref-type="fig"}. From this figure, it is easy to decide upon the optimum ratio of the protein and the dye nanoparticles required for accurate pH monitoring of a given sample, particularly of a biological specimen. In addition, we have demonstrated the pH dependent fluorescence changes of the hybrids in the *in vitro* solution condition. UV illumination (365 nm) of hybrids of ratios 10 : 1, 7 : 1 and 3 : 1 at different pH in a microwell plate displaying sensitivity in different ranges, enables naked eye detection ([Fig. 3g](#fig3){ref-type="fig"}).

![(a)--(e) Fluorescence intensity of BSA--SqNP hybrid nanosensors in the 480 (*λ* ~ex~\@380 nm) and 700 nm (*λ* ~ex~\@640 nm) region at different pH conditions. The active pH range for different ratios is indicated by the shadow color. (f) A pictorial representation of the construction of the narrow range tunable pH sensors with different ratios of BSA and SqNPs and the corresponding pH sensitivity range within a unit of one pH scale. (g) Photograph of BSA--SqNP hybrids with ratios of 10 : 1, 7 : 1 and 3 : 1 filled in wells of pH 5.0--8.0 in a microwell plate under UV illumination (365 nm).](c6sc02659a-f3){#fig3}

After having a clear idea of the effect of pH on various combinations of BSA--SqNPs, their potential for fluorescence imaging of pH variations in the intracellular environment of living cells was investigated. Prior to this study, the effect of the intracellular environment on the probe was examined by monitoring the fluorescence spectra of a protein--dye hybrid with a 6 : 1 ratio in the presence of physiologically important metal ions and chemicals (such as Na^+^, K^+^, Ca^2+^, Zn^2+^, Mg^2+^, Mn^2+^, Cu^2+^, Fe^2+^, Fe^3+^, glutathione (GSH), cysteine (Cys) and homocysteine (Hcy)) and H~2~O~2~ at pH 5.8 (*I* ~em~\@700 nm, *λ* ~ex~\@640 nm) and 7.6 (*I* ~em~\@480 nm, *λ* ~ex~\@380 nm) (Fig. S7[†](#fn1){ref-type="fn"}). No appreciable spectroscopic changes were observed under these conditions, which imply that the probe could be used to measure the intracellular pH changes without interference from other biomolecules at their physiological concentrations. To further confirm this point, HeLa cells were incubated with SqNPs in the absence of BSA and imaged using confocal fluorescence microscopy (Fig. S8[†](#fn1){ref-type="fn"}). No appreciable fluorescence signal was observed from the cells confirming that the SqNPs could not interact with any of the biologically relevant analytes.

The pH variations inside cells were imaged using BSA--SqNP hybrid sensors of different ratios. Before the pH monitoring, the cytotoxicity of the probe was evaluated using the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) assay (Fig. S9[†](#fn1){ref-type="fn"}). The result revealed that SqNPs and BSA--SqNPs exhibit minimal toxicity to the cells under the concentrations measured, demonstrating their suitability for biological applications. Furthermore, we investigated the cellular uptake and intracellular distribution of BSA--SqNPs. After incubation of HeLa cells with a 6 : 1 BSA--SqNP combination (in phosphate buffer, pH 7.0) for 30 min, significant red and green fluorescence was detected in the cytoplasm, however not in the nucleus or extracellular environment (Fig. S10[†](#fn1){ref-type="fn"}); indicative of the excellent membrane permeability of the probe. Hence, we used a 6 : 1 combination of the BSA--SqNP hybrid to monitor minor pH fluctuations inside live cells. For this purpose, the protein--dye hybrid (6 : 1) was imported into HeLa cells grown in wells of different pH values (6.5--7.5). The intracellular pH was equilibrated to the surrounding medium using the H^+^/K^+^ ionophore, nigericin. After the uptake of the BSA--SqNP conjugate for 30 min, confocal fluorescence images of the cells were recorded ([Fig. 4](#fig4){ref-type="fig"}). At acidic pH (6.5), the probe gave a strong red emission and a weak green emission due to the noncovalent interaction of the dye with BSA. As the pH of the cells is increased to the basic region (7.5), the probe exhibited a strong green emission and a weak red emission as a result of the covalent interaction of the dye with BSA. The corresponding fluorescence intensity (Fig. S11a and S12b[†](#fn1){ref-type="fn"}) obtained from the ratio image exhibits good linearity, which shows the ability of the probe to measure the intracellular pH variation over a small pH range. Cells of pH 6.5--7.5 were incubated with BSA--SqNP hybrids with a 12 : 1 and 1 : 1 ratio ([Fig. 4](#fig4){ref-type="fig"}). The cells treated with the 12 : 1 hybrid gave an "always on" signal in the green window and an "always off" signal in the red window irrespective of pH as shown in [Fig. 4](#fig4){ref-type="fig"}, S12a and b,[†](#fn1){ref-type="fn"} which implies that at the given experimental pH window, this combination is not sensitive. As expected, the 1 : 1 combination gives an "always off" signal in both green and red windows, since it works above the pH range that we chose.

![Confocal fluorescence images of HeLa cells incubated with BSA--SqNP hybrids in the ratio of 6 : 1, 12 : 1 and 1 : 1 at pH 6.5, 7.0 and 7.5 for 30 min at 37 °C. Green and red images were obtained by exciting at 405 and 640 nm respectively. The corresponding ratio images are also shown.](c6sc02659a-f4){#fig4}

The role of the ratio between BSA and SqNPs on the pH response is explained based on the pH dependent reactivity of various functional groups in the protein ([Scheme 1](#sch1){ref-type="fig"}). At lower pH, the thiol group of BSA is less reactive towards the SqNPs and the interaction is exclusively noncovalent as indicated by the turn-on emission at 700 nm. In this case, a large amount of BSA is required for the emission response to become saturated. As the pH of the medium is increased, the thiol group of BSA becomes increasingly reactive towards the SqNPs, triggering the emission at 480 nm with a relatively lower amount of the protein. At pH \> 8.0, in addition to the thiol group, the other nucleophilic groups of BSA also become reactive towards the Sq dyes and the interaction becomes exclusively covalent. Thus, at higher pH, a single protein can be covalently labeled with more than one dye molecule.^[@cit26]^ Thus, the maximum fluorescence response at 480 nm occurs even with a lower amount of the protein. In all these cases, the protein facilitates the disassembly of SqNPs. The optimum amount of protein required for the complete disassembly of SqNPs at different pH values was determined by DLS analysis (Fig. S13[†](#fn1){ref-type="fn"}).

![The mode of interaction of SqNPs with BSA at different pH conditions: BSA protein contains several amino acids having different nucleophilic functional groups. SqNPs interact with BSA differently with respect to pH variation at different BSA--SqNP compositions.](c6sc02659a-s1){#sch1}

In conclusion, we have demonstrated a two-component protein--dye hybrid sensor system for monitoring narrow range pH variations in live cells. The ratio of the protein and the dye nanoparticles controls the subtle balance between the noncovalent and the covalent interactions of the protein and the dye nanoparticle which is the key for the observed properties. The "turn-on" fluorescence at distinct emission wavelengths allows ratiometric monitoring of the pH variations. By systematic investigation, we were able to design sensor combinations that are suitable for the imaging of pH variations in live cells. These custom-made nanoprobes can be used in the spatio-temporal imaging of narrow range pH fluctuations, which can provide information on the physiological conditions and the general health of live cells.

Experimental
============

Materials and reagents
----------------------

Bovine serum albumin (BSA), dansylamide (DNSA), nigericin and other amino acids were purchased from commercial suppliers. All other reagents were of analytical grade and were used without further purification. Reactions were performed under an inert atmosphere of nitrogen unless specified otherwise.

Preparation of the BSA--SqNP hybrid nanosensor array for compartmental pH sensing
---------------------------------------------------------------------------------

Sq was prepared and characterized as reported earlier.^[@cit25]^ A stock solution of Sq with a concentration of 5 × 10^--3^ M was prepared in acetonitrile. 25 μL of this solution was injected into 5 mL of phosphate buffer (25 mM NaH~2~PO~4~, 10 mM NaCl) having a pH of 7.0 at room temperature (25 °C). The green color of the stock solution turned blue indicating aggregation of the dye. Stock solutions of BSA protein at four different concentrations (7.5 × 10^--3^ M, 3.75 × 10^--3^ M, 6.25 × 10^--4^ M and 1.25 × 10^--4^ M respectively for preparing 12 : 1, 6 : 1, 1 : 1 and 0.2 : 1 complex) were prepared in phosphate buffer (25 mM NaH~2~PO~4~, 10 mM NaCl) maintained at pH 7.0. Concentrations of these stock solutions were calculated from the absorbance at a particular wavelength and molar extinction coefficient values. 200 μL of BSA from the respective stock was slowly added to the stirring solution of SqNPs (2.5 × 10^--5^ M). The resulting solution was vigorously stirred for 30 min and then equilibrated at 25 °C for a period of 15 min. A series of standard pH buffers of different pH with a difference of 0.2 were prepared in 5 mL volumetric flasks. The pH value was measured by a Delta 320 pH-meter. 200 μL of the BSA--SqNP complex was added to each of these solutions and shaken well. After keeping the solution for 30 min, each solution was taken into a 3 mL quartz cuvette with a path length of 1 cm at room temperature (25 °C). The emission spectra at 480 nm (*λ* ~ex~\@380 nm) as well as 700 nm (*λ* ~ex~\@640 nm) were recorded using a spectrofluorimeter. The pH cycling experiments of the SqNP--BSA hybrid were performed by the alternate addition of 4 μL of 0.5 N HCl and 4 μL of 0.5 N KOH respectively.

Site-selective binding of BSA by the Sq dye
-------------------------------------------

The BSA--SqNP hybrid at a ratio of 16 : 1 was prepared by mixing 50 μL of BSA (5.7 × 10^--3^ M) to a stirring solution of SqNPs (6 × 10^--6^ M, 25 mM NaH~2~PO~4~, 10 mM NaCl, pH 4.0) in a 3 mL quartz cuvette. The solution then continued to stir for another 30 min. 0--150 μL of DNSA, a known site-I specific binding reagent, was added from a stock solution (2.4 × 10^--3^ M) and emission spectra were recorded each time after 30 min.

Cell culture
------------

HeLa cells were maintained in DMEM containing 10% fetal bovine serum. It was incubated in a humidified CO~2~ incubator (5% CO~2~) at 37 °C for 2 days so that the cells attained about 70% confluency after cell revival. Then the medium was removed and cells were given a wash with phosphate buffered saline (PBS), the cells were trypsinized using 0.05% trypsin--EDTA by incubating at 37 °C for 5 min. These cells were counted and were seeded into optibottom 96 well glass culture plates with approximately 5000 cells per well in DMEM containing 10% FBS. The cells were used for the experiment 24--30 h after this.

*In vitro* cytotoxicity assay
-----------------------------

The MTT assay test was carried out by following standard procedures. HeLa cells were seeded into a 96-well plate (1 × 10^4^ cells per well) in DMEM (Dulbecco\'s Modified Eagle\'s Medium) containing 10% fetal bovine serum (FBS) and grown under a humidified atmosphere with 5% CO~2~ at 37 °C. After a 12 h incubation, the media in the wells were replaced with fresh DMEM (100 μL per well) containing Sq and BSA--SqNPs complexes with different concentrations, and the cells were further incubated for 12 h. Then, the medium was changed with DMEM (100 μL per well) containing MTT (0.5 mg mL^--1^), followed by incubation for another 4 h. The culture medium was removed and the frozen crystals were dissolved in freshly prepared DMSO (100 μL). Before the cytotoxicity measurement, the plate was agitated gently for 15 min, and then the absorbance intensity at 560 nm was recorded using a micro plate reader. The relative cell viability (%) for each sample related to the control well was finally calculated.

Fluorescence imaging and pH monitoring of HeLa cells using the SqNP--protein hybrid nanosensor
----------------------------------------------------------------------------------------------

pH monitoring of HeLa cells was performed by the confocal laser scanning fluorescence microscopy technique. For fluorescence imaging, the culture medium was removed and the cells were washed with PBS (pH 7.4) twice. The cells were incubated with high K^+^ buffer (30 mM NaCl, 120 mM KCl, 1 mM CaCl~2~, 0.5 mM MgSO~4~, 1 mM NaH~2~PO~4~, 5 mM glucose, 20 mM HEPES, and 20 mM NaOAc) at various pH values (6.5--7.5) in the presence of 10.0 μM nigericin. After 30 min, 10 μL of the nanosensor (2.0 × 10^--4^ M, phosphate buffer (25 mM NaH~2~PO~4~, 10 mM NaCl) at pH 7.0) at different ratios (6 : 1, 12 : 1, 1 : 1) was added to each well and incubated for 30 min at 37 °C. The adherent cells were washed three times with PBS (pH 7.4) to remove excess probes from the medium. Fluorescence imaging experiments were performed with a Nikon A1Rsi confocal microscope with a 405 nm diode laser and 640 nm far red lasers for excitation using a 40× (1.4) NA objective. Optical sections were acquired at 0.8 μm. The fluorescence was collected in the ranges of 420--650 nm (green) and 650--800 nm (red), respectively. The background fluorescence for both the wavelengths was nullified by adjusting the voltage of the photomultiplier tube and adjusting the threshold. The region of interest (ROI) was drawn around every cell in a field for the purpose of quantitation. Image processing and analysis were performed on NIS elements version 4.0 software, and the ratio of intensities was calculated. All data were expressed as mean ± standard deviation.
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[^1]: †Electronic supplementary information (ESI) available: Figures depicting various photophysical properties, cytotoxicity studies and confocal fluorescence images. See DOI: [10.1039/c6sc02659a](10.1039/c6sc02659a) Click here for additional data file.
